Receptor activator of NF-κB (RANK), known for controlling bone mass, has been recognized for its role in epithelial cell activation of the mammary gland. Because bone and the epidermo-pilosebaceous unit of the skin share a lifelong renewal activity where similar molecular players operate, and because mammary glands and hair follicles are both skin appendages, we have addressed the function of RANK in the hair follicle and the epidermis. Here, we show that mice deficient in RANK ligand (RANKL) are unable to initiate a new growth phase of the hair cycle and display arrested epidermal homeostasis. However, transgenic mice overexpressing RANK in the hair follicle or administration of recombinant RANKL both activate the hair cycle and epidermal growth. RANK is expressed by the hair follicle germ and bulge stem cells and the epidermal basal cells, cell types implicated in the renewal of the epidermopilosebaceous unit. RANK signaling is dispensable for the formation of the stem cell compartment and the inductive hair follicle mesenchyme, and the hair cycle can be rescued by Rankl knockout skin transplantation onto nude mice. RANKL is actively transcribed by the hair follicle at initiation of its growth phase, providing a mechanism for stem cell RANK engagement and hair-cycle entry. Thus, RANK-RANKL regulates hair renewal and epidermal homeostasis and provides a link between these two activities.
Receptor activator of NF-κB (RANK), known for controlling bone mass, has been recognized for its role in epithelial cell activation of the mammary gland. Because bone and the epidermo-pilosebaceous unit of the skin share a lifelong renewal activity where similar molecular players operate, and because mammary glands and hair follicles are both skin appendages, we have addressed the function of RANK in the hair follicle and the epidermis. Here, we show that mice deficient in RANK ligand (RANKL) are unable to initiate a new growth phase of the hair cycle and display arrested epidermal homeostasis. However, transgenic mice overexpressing RANK in the hair follicle or administration of recombinant RANKL both activate the hair cycle and epidermal growth. RANK is expressed by the hair follicle germ and bulge stem cells and the epidermal basal cells, cell types implicated in the renewal of the epidermopilosebaceous unit. RANK signaling is dispensable for the formation of the stem cell compartment and the inductive hair follicle mesenchyme, and the hair cycle can be rescued by Rankl knockout skin transplantation onto nude mice. RANKL is actively transcribed by the hair follicle at initiation of its growth phase, providing a mechanism for stem cell RANK engagement and hair-cycle entry. Thus, RANK-RANKL regulates hair renewal and epidermal homeostasis and provides a link between these two activities.
osteoprotegerin | TRANCE | anagen | S100A8 R eceptor activator of NF-κB (RANK), a member of the TNF receptor family (TNFRSF11a), was originally identified as a regulator of bone density. Mice deficient in Rank or Rankl display increased bone density owing to reduced osteoclast formation, but the loss of the RANK ligand (RANKL) decoy receptor osteoprotegerin (OPG) results in lower bone mass because of unchecked RANK activation (1, 2) .
RANK has emerged as an important player in epithelial cell growth and differentiation. It is required for the formation of lactating mammary glands (3, 4) , thymic medullary epithelial cells (5) , and intestinal microfold cells (6) and has been implicated in the growth and metastasis of prostate (7) and mammary epithelial cancers (8, 9) . Thus, RANK affects a great variety of epithelial cells of different organs. The skin is the largest epithelial surface, and its epidermo-pilosebaceous unit comprises the interfollicular epidermis (IFE), the hair follicle (HF), and the sebaceous gland. The HF has the particularity of undergoing cycles of growth (anagen), regression (catagen), and relative quiescence (telogen) (10) , making it an excellent system for studying epidermal (stem) cells and organ remodeling (11) (12) (13) (14) . Each HF is composed of a permanent upper portion, which includes the sebaceous gland and the bulge region, and a temporary lower cycling portion. The local balance of hair growth stimulators and inhibitors is critical for initiation of new hair growth (15) (16) (17) . Intriguingly, many of these molecular players also operate in bone development and remodeling (e.g., members of the TGF-β superfamily and their antagonists, parathyroid hormones, and hedgehog proteins) (18) .
Because Rank and Rankl-null mice exhibit defects in mammary gland development (3) and in the eruption of teeth (19) , which, like HFs, are skin appendages, it raises the question of the role of the RANK-RANKL-OPG triad in HF formation and cycling. The finding that Opg is transcribed by the bulge stem cells (20, 21) supports an important role of these proteins in HF biology. However, so far this question has not been investigated.
The IFE is intrinsically linked to the HF through the outerroot sheath, which merges distally the basal layer of IFE and proximally the HF bulge and the HF bulb (10) . Like HFs, the IFE undergoes renewal (homeostasis). In this process, keratinocytes of the basal layer divide and terminally differentiate to replace upper-lying cells. RANKL is expressed by the activated IFE, and the epidermal Langerhans dendritic cells carry RANK (22, 23) . RANK engagement on Langerhans cells leads to an increase in their cell numbers and to immune response modulation (22, 23) . However, the role of RANK in epidermal homeostasis has not been addressed.
We have studied whether RANK plays a functionally important role in the stimulation of epithelial cells of the HF and the IFE. Using Rankl knockout (Rankl-KO) and Rank transgenic (Rank-Tg) mice, as well as recombinant RANKL and anti-RANKL mAb, we here present previously unreported evidence that RANK functions in HF growth and in epidermal renewal.
Results

RANK Stimulation Is Dispensable for Normal HF Development but Is
Required for HF Anagen. Many molecular regulators of HF cycling also drive HF development (morphogenesis) (17) . Therefore, we
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The authors declare no conflict of interest. *This Direct Submission article had a prearranged editor. first investigated the importance of RANK stimulation in HF morphogenesis. We analyzed the expression of RANK, RANKL, and OPG mRNA by RT-PCR in total skin of wild-type (WT) mice at postnatal day 5 (P5) and P15 and found that the genes were transcriptionally active (Fig. S1A) . In situ hybridization of RANK and RANKL mRNA at P5 showed that the genes were transcribed in the IFE and the HF (Fig. S1B) . This finding confirms previous data of RANK and RANKL expression in the embryonic IFE and HF (24) . We then compared HF morphogenesis of Rankl −/− mice and control littermates. At P5, the back skin HFs of WT mice were in postnatal HF morphogenesis and by P15 began to enter catagen. Exactly the same observation was made in Rankl −/− mice (Fig. S1C) , whose postnatal HF morphogenesis and macroscopic hair phenotype appeared indistinguishable from those of WT littermates (25) . Furthermore, all four hair types (monotrich, awl, auchene, and zigzag) were found (Fig. S1D) , indicating that RANK stimulation is dispensable for HF morphogenesis.
Next, we studied whether absent RANK stimulation affected the HF renewal cycle with entry into the hair growth phase at around P24 in C57BL/6 mice (26). Strikingly, Rankl −/− HFs did not enter anagen by P28 through to P49, whereas WT littermates had long proceeded into anagen or had already reached their second catagen ( Fig. 1 A and B and Fig. S2A ). Also at P25, there was no sign of anagen initiation, showing a genuine block of HF cycling rather than the occurrence of an abortive, drastically shortened growth phase (Fig. S2B) . As expected, given that RANKL is the only ligand for RANK (27) , Rank −/− mice also failed to undergo transition from telogen to anagen (Fig. 1C) .
Because hair plucking can experimentally provoke hair-cycle activation (28), we tested this stimulus on Rankl −/− mice. Five days after hair plucking, 24-d-old control mice were in advanced anagen, but the Rankl-KO animals still remained in telogen (Fig.  1D) . Thus, in the absence of RANK stimulation by RANKL, the mouse HF is arrested in first postnatal telogen and is unable to enter its anagen growth phase.
Telogen Arrest in the Absence of RANK Stimulation Does Not Result from Defects of the HF Stem Cell Compartment or from Defective HF Mesenchyme. At least two distinct subpopulations of HF epithelial cells are needed for normal anagen formation, the bulge stem cells (11, 29) and the secondary hair germ (SHG) cells (21, 30) . Therefore, we looked for the presence of these cells in the Rankl −/− animals. Immunofluorescence for CD34, a marker of murine bulge stem cells (31) , showed that they were preserved in the Rankl −/− telogen HF ( Fig. 2A) . Their quantification by flow cytometry revealed that their number was only slightly reduced (Fig. 2B ). Immunofluorescence for P-cadherin (21) showed that the SHG was also present ( Fig. 2A) . Thus, the absence of RANKL does not deplete these cells sufficiently to explain the HF arrest in telogen.
Anagen development also requires inductive signals from the mesenchymal follicular dermal papilla (DP) (32) . Therefore, we examined its presence by alkaline phosphatase enzyme histochemistry (33) . The enzyme activity in the correct position beneath the HF revealed the presence of morphologically and enzyme-histochemically normal DP in Rankl −/− mice ( Fig. 2C ), which shows that that the Rankl −/− telogen HF contained all of the cellular elements required for telogen-anagen transition.
We therefore tested whether the hair-cycle arrest can be rescued. We transplanted shaved, 21-d-old Rankl −/− skin, whose HFs were all in telogen, onto age-matched nude mice. Because RANKL is produced during wound healing by neovascularization and by activated epidermal keratinocytes (22, 34) , it could be expected that recipient RANKL is synthesized and complements the genetic deficiency. Hair regrowth and anagen development of the grafted skin was monitored. We observed that, by 10 d, both the WT and the Rankl −/− transplanted skin had acquired a dark appearance, a sign of anagen, and, by 3 wk, both transplants presented full hair regrowth (Fig. 2D) . Skin cross-sections confirmed that HFs of the Rankl-null mice were in anagen. These findings established that the epithelial stem cell compartment and the inductive HF mesenchyme of Rankl −/− HFs are functional.
RANK Is Expressed by HF Epithelial Stem Cells. To better understand how RANK regulates the telogen-anagen transition, we determined the site of RANK expression in telogen HFs. Immunofluorescent labeling localized RANK to the bulge and the SHG (Fig. 3A) . Also RANKL and the RANKL decoy receptor OPG were expressed at these sites (Fig. 3A) . The immunoreactivity of RANK and RANKL was low, requiring signal amplification, whereas OPG could be visualized without amplification. This finding concurs with published gene profiling results that had shown abundant transcripts of Opg in murine bulge cells (20, 21) . RANK, RANKL, or OPG were undetectable in the DP. RT-PCR of CD34 + and P-cadherin + cells, which were isolated and sorted by FACS (21), confirmed transcriptional activity of Rank, Rankl, and Opg in the CD34 + bulge and the P-cadherin + SHG epithelial cells (Fig. 3B) .
We then investigated whether RANKL and OPG expression changed during the hair cycle by measuring their mRNA by quantitative RT-PCR in total skin. OPG gene expression was maximal in early to mid-telogen, whereas that of RANKL peaked in early anagen (Fig. 3C) . Because RANKL and OPG are soluble proteins, we measured their protein levels by ELISA in the supernatant of a 24-h skin culture. Fig. 3D shows that the RANKL and OPG protein levels reflected their mRNA changes with maximal levels of OPG at telogen followed by a peak of RANKL. To uncover the site of RANKL expression during its peak, we performed RT-PCR on separated IFE and dermal HFassociated cells (Fig. 3E) ; it disclosed that RANKL expression was restricted to the HF-associated cells. Anti-RANKL/keratin 14 immunofluorescent labeling of the whole skin revealed RANKL in the lower HF (Fig. 3F ), and costaining with GATA-3, a marker for the HF inner root sheath (35) , showed that RANKL is localized to the inner root sheath and the cuticle layer (Fig. S3A) . Because RANKL is a soluble protein and the detection at these sites could be the consequence of binding to extracellular components, we visualized its mRNA on sections by in situ hybridization. Again, we saw the RANKL gene activity in the lower HF (Fig. S3B ). There was no RANKL in the IFE except for some rare cells, in accord with earlier findings (22) (Fig.  S3C) . In anagen skin, RANK was seen in the bulge, the outer root sheath, and the IFE (Fig. 3G) . Double labeling for RANK with CD34 and integrin α6, both markers for bulge cells (20, 31) , validated RANK expression in the anagen bulge stem cells (Fig.  S3D) . Staining of OPG in anagen skin showed the protein in the bulge but not in the lower HF part (Fig. 3H) . OPG can also be observed in basal keratinocytes (Fig. S3E) . Together, these findings showed that RANK, RANKL, and OPG are expressed by bulge and SHG cells. As the hair cycle progresses from telogen to anagen, OPG expression decreases but that of RANKL increases. Thus, at the telogen-anagen transition, more OPG-free RANKL is available to engage RANK and drive the HF stem cells into proliferation.
RANK Stimulation Triggers Anagen Entry. To further address the importance of RANK activation in anagen induction, we used a mouse Tg for Rank under the control of the S100A8 gene promoter. This promoter had already been noted as active in the human HF (36) and, recently, was found transcribed in the SHG (21) . Immunofluorescent labeling of telogen HFs confirmed that RANK was overexpressed in the SHG (Fig. S4A) . Endogenous RANK was not seen because its visualization required signal amplification. Expression of the Tg RANK construct in HEK 293T cells showed that RANK was localized at the cell surface and that it activated NF-κB signaling as expected (37) (Fig. S4B) . We also monitored RANKL and OPG production in these mice by ELISA of skin cultures from weeks 3 to 5. The Tg mice displayed an increase of RANKL, particularly during its peak production at anagen, but showed a reduced OPG level (Fig.  S4C ). Thus, with RANK overexpressed in the HF and a more favorable RANK-activating RANKL/OPG ratio, we expected an increased HF RANK engagement.
Indeed, we saw that the first anagen entry was advanced by 1 or 2 d (Fig. 4 A and C) . Moreover, two rapidly evolving premature anagen cycles occurred at weeks 8 and 11, whereas control littermates were in telogen (Fig. 4 B and C) . Threemonth-old Tg mice showed mild alopecia (Fig. S4D ), similar to other mutant mice with abnormally fast HF cycling (38) .
To test whether hair renewal can be prematurely induced in WT mice by RANK stimulation, we injected recombinant RANKL s.c. into 8-wk-old mice in telogen. The functionality of the recombinant RANKL fused to the GST tag was confirmed by NF-κB signaling in RANK-expressing HEK 293T cells (Fig.  S4E) . Control mice received GST only. Hair-cycle analysis 6 d after injection revealed that three of four mice responded to recombinant RANKL-GST by premature anagen (Fig. 4 D and  E) . These findings support the importance of RANK stimulation as a critical hair-cycle entry signal.
RANKL Regulates Epidermal Homeostasis. Because Rank-Tg animals express more soluble RANKL but less OPG in the skin, we investigated whether this change would affect the IFE. First, we verified epidermal RANK expression in the Tg mice and found that it was expressed by the basal keratinocytes (Fig. S5A) . We could exclude the detection of Tg RANK because the Ab is directed against an N-terminal peptide, which is absent from the cDNA construct (Fig. S6) . It was apparent that the Rank-Tg epithelium was greatly thickened (Fig. 5 A and B) . In contrast, the epidermal size of the Rankl-KO mice was slightly but significantly reduced (Fig. 5 A and B) . We therefore determined the epidermal renewal rate by using the thymidine analog BrdU. Proliferating BrdU + keratinocytes were virtually absent in the Rankl-null mice but highly abundant in the IFE of the Rank-Tg mice (Fig. 5C) . Quantification of IFE BrdU + cells by cell counting on sections uncovered a significant reduction for the Rankl-KO mice and a highly significant eightfold increase for the Tg mice (Fig. 5D ). We next analyzed Tg skin for signs of cell activation by measuring the release of TNFα and IL-1β. As shown in Fig. S5B , there was a small but significant increase in TNFα and IL-1β in the Tg skin at P21 and P30, respectively. However, there was no dermal CD3 + T-cell infiltration (Fig. S5C) , and culturing P21 epidermal keratinocytes resulted in three times more cell recovery after 2 wk compared with WT (Fig. S5D) . This observation supports a cell-autonomous enhanced proliferation in the Tg mice; however, because of the increased inflammatory cytokine production, we cannot formally exclude their contribution to the accelerated epidermal renewal. Except for keratin 14, which extended beyond its normal restriction in the Tg animals and is likely secondary to the high proliferation rate (39, 40) , the differentiation of the IFE in both mouse models was normal as judged by the expression of keratin 10, loricrin, involucrin, and filaggrin (Fig. S7A) . Moreover, there was no toluidine blue dye penetration (Fig. S7B) , demonstrating normal skin barrier function. Finally, we treated Tg mice with anti-RANKL mAb, which, as shown in Fig. 5 E-G, resulted in a delay in the hair cycle and a significantly reduced epidermal thickness. Collectively, these data show that IFE homeostasis occurs normally during anagen when HF RANKL production is high, but that IFE hyperproliferates when RANKL is overproduced.
Discussion
We showed that RANK regulates hair cycling by activating its growth phase: (i) although dispensable for HF development, RANK stimulation was required for anagen to normally occur during the fourth week after birth; (ii) hair plucking, known to trigger hair renewal, failed to stimulate anagen entry in Ranklnull mice; (iii) mice with Tg RANK expression in the HF and an altered skin RANKL/OPG ratio displayed advanced hair cycles; and (iv) recombinant RANKL induced anagen in WT mice. In addition, we showed that RANK regulates IFE renewal because (i) the proliferation rate is reduced in Rankl-KO mice but (ii) it is increased in the Rank-Tg mice and (iii) blocking RANKL in Rank-Tg mice results in a delay in the hair cycle and a reduced IFE thickness.
Although RANK, RANKL, and OPG are expressed in the IFE and the HF during morphogenesis, we found no visible effect of RANKL on HF and IFE development. This finding, together with the observation that RANK signaling does not affect development of the mammary gland until pregnancy (3), suggests a role of RANK post-embryogenesis. However, embryonic generation of thymic medullary epithelial cells depends on RANKL, yet CD40L can partially compensate after birth (5), suggesting that, if RANK is active in the developing skin, it may be masked by other TNF receptor family members such as Edar or Troy (41) (42) (43) . Interestingly, lymphotoxin-α-which, like RANKL, functions in lymphoid organ development-also plays a role in HF morphogenesis (44) and is a ligand for Troy (45) .
RANK or RANKL were required for the anagen phase of the hair cycle. It is unlikely that the hair-cycle arrest is a reflection of a sickness of these KO mice because they thrive well beyond 6 wk without signs of weakness. Moreover, the hair-plucking experiment was performed on young animals and further demonstrates a genuine block in anagen transition. It remains to be established whether vibrissae hair undergo cycling. The inability to regenerate pelage hair was not the result of defects in the HF stem cell and mesenchymal cell compartment because these cellular elements were present. Indeed, upon transplantation onto a RANKLproficient environment, Rankl −/− skin HFs passed into anagen. The efficiency with which nude mice rescued the hair-cycle arrest may be a reflection of the robust RANKL production by activated epidermal keratinocytes or endothelial cells during the healing process (22, 34) . In addition, we have found that the anagen HF is an important source of RANKL, and, although nude mice lack hair, they have a normal hair telogen-anagen transition.
The expression of RANK, RANKL, and OPG in the HF bulge and SHG supports the importance this protein triad in the control of HF cycling. OPG localization to the bulge and the SHG corroborates previous studies, which have found Opg transcription in these cells (20, 21) . Rank or Rankl transcripts were not detected in these studies, probably owing to their low abundance. Indeed, signal amplification was needed to detect RANK and RANKL protein, and soluble RANKL levels were low during telogen. This finding suggests that OPG serves as an autocrine regulator by blocking engagement of RANK by RANKL during telogen.
It is tempting to speculate that, as in the mammary gland (3, 46), HF RANKL is under hormonal control because hair growth is influenced by the endocrine system (47) . However, it is unlikely that prolactin or parathyroid hormone related peptide (PTHrp) up-regulate RANKL in the HF because these stimuli antagonize hair renewal and induce catagen in mice (48, 49) . However, the Rankl promoter contains a number of cell-signaling regulatory elements (NF-κB, Jun/AP-1, vitamin D, and Runx2) (46) , allowing it to respond to a multitude of signals known to act on the hair cycle (17, 50, 51) . Further work will be necessary to elucidate the impact of these signals on HF RANKL synthesis.
We did not detect any RANK, RANKL, or OPG expression in the DP, which is similar to mammary glands, where stromal cells failed to express RANK or RANKL even after hormonal stimulation (46) . However, the mammary gland stromal cells constitutively transcribe Opg (46). it is possible that Opg is induced in the DP in response to as-yet-unidentified stimuli.
Support for the idea that RANKL and OPG synthesis is subject to changes is provided by their mRNA and protein measures during the hair cycle. It is unlikely that these changes are influenced by tissue injury after the skin excision because RNA extractions were performed immediately on the freshly collected skin, and protein levels closely reflected the mRNA measures. A closer investigation into the site of RANKL production at P28 uncovered that it was synthesized by the lower anagen HF. RT-PCR, mRNA hybridization, and immunofluorescence point to the proliferating matrix and bulb cells as its source, which would concur with RANKL production by activated keratinocytes (22) .
Evidence that RANK stimulation by RANKL induces anagen is provided by the precocious anagen phases in mice overexpressing RANK in the HF and in mice administrated with recombinant RANKL. The overexpression of RANK in the SHG may be particularly effective in inducing hair cycling in view of the importance of these cells in anagen entry (21, 30) . In addition, there was an increase in RANKL levels and a reduction in OPG. The underlying reasons for the changes in RANKL and OPG synthesis are currently unclear. One possibility may be that the overexpression of RANK in the HF triggers RANKL through a positive feedback loop. Such a loop, not uncommon in the TNF family, may be mediated by NF-κB.
Because the IFE basal-layer keratinocytes also express RANK, we studied the IFE for changes in Rankl-KO and Rank-Tg animals. We found that, in the Rankl −/− mice, epidermal thickness and cell growth were reduced, whereas the epidermis was thickened and cell proliferation was greatly accelerated in the Rank-Tg mice. In neither model did we find a marked defect in epidermal differentiation or barrier function, demonstrating that RANK has little impact on this process. The extended keratin 14 expression to suprabasal layers in the Tg animals is likely owing to the hyperproliferation because suprabasal keratin 14 expression is also seen in other mouse models of accelerated epidermal growth (39, 40) . We could detect an increase in TNFα and IL-1β production from Tg skin; however, more keratinocytes were recovered after a 15-d culture of primary cutaneous keratinocytes from Tg mice, which suggests a cell-autonomous enhanced keratinocyte proliferation. More work is needed to further clarify the role of these cytokines on keratinocyte activation.
The underlying molecular mechanism for epithelial activation of the epidermo-pilosebaceous unit by RANK is currently unclear. Because RANK is a potent NF-κB stimulator and because NF-κB has been implicated in the regulation of HF cycling (52) as well as in epidermal turnover (53), we had first postulated that RANK triggers the NF-κB pathway in skin epithelial cells. However, we could not obtain any evidence for NF-κB activation either in the HF or in the IFE. RANK has also been shown to engage the signaling cascades, implicating JNK, Id-2, Akt, and NFATc1 (54), but, again, we could not observe any evidence that these signaling flows were elicited. Moreover, mice deficient in TRAF6, a signaling module of the NF-κB and JNK pathway, display a phenotype similar to that of Eda-null mice but not of Rankl −/− animals (55). Therefore, the molecular signaling pathways engaged by RANK in the HF and the IFE remain to be uncovered. Our findings, together with the cyclic renewal of the HF on one side and the continuous homeostasis of the IFE on the other, provide a valuable model system to dissect the signaling pathways triggered by RANK in epithelial (stem) cells.
The herein revealed function of RANK in murine hair-cycle control and epidermal homeostasis further underpins the shared molecular controls of two seemingly distant organs, skin and bone (18) , and introduces the RANK-RANKL-OPG triad as a key player in the control of epithelial stem cell biology.
Materials and Methods
Animals. PCR primers for genotyping are listed in Table S1 .
Histology/Immunofluorescence. Primary Abs are listed in Table S2 . RT-PCR. Classic and real-time PCR primers are listed in Table S3 . Detailed experimental protocols for cell proliferation, ELISA, flow cytometry, in situ hybridization, RANK signaling assay, skin cytokine production, primary keratinocyte culture, and epidermal barrier tests are provided in SI Materials and Methods. 
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